resins was again of the acrylic amidoxime type; it picked up approximately 100 ppm uranium in seven days' exposure to seawater, which represents a factor of better than two improvement over thq seven-day results for the best FY '81 candidate (which saturated at roughly 100 ppm U after 30 days' exposure).
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-vi- campaign are summarized in this report.
LIST OF TABLES
In preparing this summary we have relied heavily on the documented record set down in our previously published material, Reference 7 in particular.
In the current write-up, attention is restricted to methods and results which are new and/or different, and not previously reported.
In addition, this is a record of the effort on advanced sorber assessment under the subject DOE contract. A parallel effort on recovery system design has been carried out outside of the DOE contract, and its. progress is being separately documented (e. g.-'Ref. 8).
Background
Since the late 1970's there has been increased activity worldwide to assess the practicality of "mining the sea" for uranium. The motivation is clear: the world's oceans contain over 4, 000 million tons of U308 -enough to fuel thousands of light water reactors for thousands of years. The difficulty is also apparent when one considers that the concentration of uranium in seawater is only 3. 3 parts per billion.
Reference 2 summarizes the proceedings of a topical meeting on this subject held at MIT in December 1980, in which the status of the international effort is recorded.
-1- In Chapter 3 the key results are summarized and interpreted to provide the basis for drawing conclusions and making recommendations.
-4- Their sole function is to expose a thin bed of sorber particles to a stream of seawater of measured volume. The design philosophy adopted here was to use a high flow loading (averaging -140 gpm/ft 2 ) to reduce fluidside resistance to mass transfer by the maximum practicable amount, and to insure that all particles in the bed are exposed to essentially undepleted seawater. Table 2 . 1 shows that a high performance sorber should be capable of accumulating on the order of 1000 ppm uranium in a week-long test run.
2 Preparation for Loading
In order to preserve their adsorption properties, several of the 1981 sorbers had to be kept wet prior to loading. This minimized subsequent sorber losses, and helped to achieve and maintain satisfactory flow characteristics.
The system used in 1981 to pre-filter particulates from the seawater employed a Facet Model P2 filter housing in conjunction with two Facet Model CF 10MCE 'wound' type filter cartridges. There is some play, and resulting leakage, between the two 10-inch long cartridges, which are stacked vertically in the housing. While so-called multiple length cartridges are available, they would have had to be specially made, necessitating a protracted delay. As an interim measure, plastic -11-couplers (Model SP-1000) were used to link Model CF97MCE cartridges (which are 1/4 inch shorter than the CF1OMCE cartridges). This arrangement provided a more reliable cartridge alignment and reduced the accumulation of larger particulates on the upper screens of the sorber columns.
Another site of system clogging was at the feedwater spigots (all mounted horizontally on the main line as opposed to vertically downwards) which, when plugged, could completely cut off flow to the columns.
These were cleared with pipe cleaners and thoroughly flushed at every filter change (on the third and seventh days of each loading).
3 Column Dismantling and Loading
Dismantling the Plexiglas columns, for both loading and removing samples, was facilitated by the use of wooden plungers cut to fit the columns' inside diameters,-and the application of a small amount of vacuum grease to the lower screens' o-ring. The grease, which is waterinsoluble, provided sufficient lubrication to ease moving the lower retention screen within the column, while the plunger helped deliver a more uniform and steady force.
Time was saved by initially loading a column with sufficient sorber material for several samples. In this way, 1, 3, and 7 day loadings of a given resin type could be effected concurrently, thereby minimizing the total time required for each test series. For 'partial' sample removal (i. e., 1 or 3 day loadings), the lower screen was pushed to within half an inch of the column top, after removing the top collar, upper screen and central collar; while for 'complete' sample removal (i. e. after 7 or 30 days):the lower screen was removed through the bottom of the column.
After each partial sample removal, the upper screen was cleaned -12-by applying a fine jet of seawater to its bottom surface in order to flush particulates from the top surface and rinse trapped resin beads from the lower surface. During complete sample removals this procedure was applied to both retention screens, in addition to flushing all the column components.
The lower screen was then reloaded with a new sample and the entire column reassembled.
4 Preparation for Irradiation
Recovered samples were brought back to M.I. T., where they were cleaned of fine particulates by immersion in water, agitating the sample to free most low density contaminants, and draining off the natant liquid and suspension.
After several iterations the sample was allowed to dry in a large cardboard cabinet -where its hydration wdight could equilibrate with the atmosphere in the laboratory.
The combination of oven drying and desiccator storage formerly used was abandoned to avoid errors in the final sample weighing caused by absorption of ambient moisture during the measurement. While the new air drying technique is susceptible to an inherent inaccuracy in sample weight (i. e. variation in the residual moisture content), this effect is not appreciable. All results in the present report were determined in this manner, including the FY 81 reruns;. thus all are on a consistent basis.
Air-dried samples typically weigh -850 more than oven-dried samples. The required thermal neutron flux was provided by the IPH1 irradiation facility of the MITR-II research reactor -a 5 MW thermal, H 2 0-moderated unit. The 1PHI facility provides a pneumatic tube system ( Fig. 2. 3 ) which allows the remote delivery of samples to a graphite reflector region whose flux is nominally 8 x 1012 neutrons/cmsec.
3. 2 System Maintenance
Prior to the start of this year's experiments, the DNC unit was recalibrated using a C In order to extend tube life it was determined that the apparatus should be kept off during storage between runs. Several stability tests indicated that a minimum warm-up time of 4 hours was sufficient before an irradiation, but that an overnight warm-up was preferable.
3. 3 Irradiation Preparations and Procedures
The M.I.T. reactor schedule typically involves a Monday startup, so that by midweek power levels, shim settings, and regulating rod was taken to avoid the re-shimming of control rods during a run.
Prior to actually beginning an irradiation the DNC was checked for stability, using the Cf 2 5 2 source, and the laboratory background was determined by counting the. empty DNC chamber, 'air' blanks (consisting of a poly-bagged polyethylene vial in a rabbit) or empty rabbits (Fig. 2. 4) .
This simply provides a check of base background levels due to other sources and contaminants present in the laboratory. It is extremely important to note that the DNC is highly sensitive to an increased neutron background, so that any extraneous sources should be eliminated. This is particularly true of the Cf 5 2 calibration source, which should be -removed from the room prior to making any measurements.
Similarly, strong gamma sources should be kept away from the detector array.
Any given irradiation consisted, in order, of a one-minute exposure, a one-minute decay period, and a one-minute counting period using the DNC unit. During a run the DNC detector assembly should be placed as far away as possible from the hood used for storing irradiated rabbits, as these can induce a significant increase in background radiation.
To monitor this room background effect, the empty DNC chamber was counted periodically during the run; variations in reactor induced background were monitored by rerunning an "air blank" (or empty, but irradiated, rabbit) approximately every ten samples.
. Geometrical considerations also figure prominently in DNC counting measurements, so that care was taken to ensure a consistent 
was placed upright in the rabbit, and secured with a styrofoam plug.
Because the end of the rabbit which enters the pneumatic tube first sees the highest flux (variations of -40% along a rabbit's length have been recorded), every rabbit was loaded into the tube upside down. Before counting, however, the samples were placed right side up in the DNC chamber.
In order to correlate results between test dates, an NBS standard of known uranium content was irradiated at the beginning and end of each run. This standard then provided a correction factor (relative), accounting for any variations in flux and/or counting efficiency. All data were subsequently normalized to the NBS value attained during th4 reference run made on the 8th of July, 1982. In order to compare last year's data on a consistent basis, they too were normalized in this manner, as well as being corrected for the depleted uranium content of the NBS standard (it had previously been assumed to contain natural uranium). For the record, the NBS standard now in use by the project is an SRM-941 calibrated glass standard with a uranium concentration of 461. 5 t 1. 1 ppm by weight and a U-235 isotopic abundance of 0. 2376 percent [2] .
Gold foils were used to provide a supplementary flux monitor.
Foil activity was measured using a digital dose calibrator to indicate the decay rate of the Au-198 activity. The initial activity and hence the incident flux could then be calculated based on the known decay time.
While some problems were encountered with reproducibility, in general the results indicated a 1PHI flux of -7.2 x 1012 n/cn2-sec, which is in close :agreement with similar measurements made by the reactor
The intake is vertically oriented, hence the vial-end of the rabbit enters first. reported on the capabilities of these materials [3, 4] , and we will leave further data analysis on these substances to him. Likewise, no further discussion of the repeat runs in Table 2 . 3 will be registered here: the results support our previous conclusions as to the superiority of the SGM-251 formulation, and its effective capacity of 100 ppm uranium. Table 2 . 3 does contain one interesting new piece of information, however -uranium content measurements on "sludge", the particulate matter which collects on the pre-filters upstream of the sorber beds under test.
The 2 ppm or so of uranium is not unexpected, and is not significant with respect to the interpretation of our experiments: even if "sludge" was present in WHOI seawater at a concentration of 100 ppm (1000 times open ocean values), less than 6% of the seawater's uranium content would be tied up in this material; and if as much as 10% of our resin sample weights were really "sludge", only 0. 2 ppm uranium would be falsely attributed to the sorber's account.
The results in Tables 2.2 No uranium uptake within statistical uncertainty. 15, 000
~~"--II I
2 Interpretation and Discussion
Sorber performance in the subject screening tests is limited by several factors: transport of uranium to the bed and through the liquid film surrounding the individual particles; then by diffusion into the particle itself; and finally by its inherent ability to selectively sorb uranium in the presence of a (relatively) high concentration of other species.
As noted in Chapter 2, the WHOI test rigs were designed to minimize the fluid-side limitations, hence we focus on the solid-side constraints here.
Weisz The very strong (squared) dependence on particle diameter in Eq. (3. 1) is noteworthy. The resins tested have a spectrum of particle sizes. To test for this effect we screened SGM-251 into fine and coarse particle fractions, and independently measured their uranium content (see Table 2 . 3). The fine and coarse fractions differed in particle diameter by (roughly) a factor of four, which would suggest a factor of -16 difference in pickup rate, but the experimental data shows a factor of less than two difference. This is hard to explain, because the other limiting case (fluid-side resistance only) would yield a diameter-to-thefirst-power dependence, and hence a predicted factor of four difference in pickup: again less than observed.
The strong dependence on particle porosity in Eq. (3. 1) is to be noted. Since solid phase resistance is characteristically much higher than in the liquid phase, it is important that the sorber be configured in a porous structure. This is the principle behind "macroreticular" ion exchange resins (the type used in the present work), in which the resin particles are made up of smaller particles having representative mean particle (and pore) diameters of --10 -2 micron (which may be compared to the diameter of the uranyl tricarbonate complex anion of N 10-3 micron).
It is the lack of such porosity which is usually cited as a major reas6n for the slow uptake of uranium by hydrous titanium oxide in gelparticulate form.
-29-Thus a limited uptake in the present work can be attributed either to blockage of the resin's pores, or to its limited inherent affinity for uranium. Since tests were carried out under comparable conditions (and, in fact, three at a time in parallel rigs), the relative ranking among candidate sorbers is not affected by these considerations.
Pore blocking could occur in a number of ways: ingress of fine organic or inorganic debris which passes through the prefilter, precipitation of insoluble salts (e. g. carbonates --as is known to occur in HTO, for example), or by growth of biological organisms which find the pores hospitable, or even feed upon the resin. South African experience with ion exchange recovery of uranium suggests that solution turbidity alone will not harm resin performance, and blinding by silicates inot expected to be a problem in seawater) is more of a problem [2] .
There is some evidence that resin pores are blocked in the present in-situ biological growth is responsible, then it may be effective to treat the resin with a biocide prior to use (and after each regeneration).
3 Conclusions and Commentary
It was a major objective of the FY '82 program to demonstrate an effective resin capacity of -1000 + ppm.
From the results summarized in Table 3 . 1 it is evident that this goal has not yet been reached.
However, uranium pickup rates roughly 2-3 times those achieved in FY '81 were attained, and the best of the FY '82 resins accumulated a
-30-uranium inventory in 7 days equal to that which the best FY '81 resin* logged in 30 days.
The results also show the striking superiority of the acrylic backbone over the styrene formulations: none of the latter reached uranium levels of any practical interest. It appears clear that this line of development should be abandoned. Also (particularly since it appears that German and Japanese researchers are experimenting with still other backbones) this entire area may be a worthwhile focus for future U. S.
efforts.
In interpreting these results it is important to note the following points:
(a) To some extent the 7-day tests are more an indication of the kinetic behavior than the ultimate capacity of the better- Thus a different experimental approach is indicatede. g. start with a uranium-loaded resin and find the equilibrium capacity via elution by seawater.
(d) While it is true that the styrene-form resins generally had larger particle sizes than those with an acrylic backbone, it is not believed that this could explain their inferior performance in view of the other evidence we have cited on the modest effect of particle size within the family of acrylic resins. It should also be noted that there are particle-size effects associated with resin production and functionalization which may obscure the effects associated with resin loading which we have been discussing.
-32-
Recommendations for Future Work
While a continuing effort in search of even better sorbers is clearly in order, considerable progress can still be made by pursuing several lines of action based upon use of the best resin identified in the FY 182 campaign:
(a) Since saturation is not indicated from the 3 and 7 day loading experiments (see Fig. 3 . i1), a 30-day exposure should be carried out, and, if need be, even longer runs made, until saturation is achieved.
A companion experiment is also suggested, in which the resin is loaded to -50, 000 ppm in the laboratory, and then subjected to a standard 7-day run in a test rig to determine the asymptotic capacity by approaching it from the opposite direction. Lower pickup rates will significantly alter the design tradeoffs in the optimization process.
Finally, since we have already carried out our screening tests under conditions more severe than those anticipated in projected fullscale plant operations, it may now be possible to accelerate the test program and realize significant economies by returning to the laboratory for many of these third-round tests.
